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TRC-0304
ACHM Mix Stiffness and Static Creep Behavior

EXECUTIVE SUMMARY

Flexible pavement design procedures proposed for use within the Mechanistic-
Empirical Pavement Design Guide (MEPDG) require the input of the dynamic modulus
(E*) of hot-mix asphalt concrete. In addition, the E* test has been proposed as a “simple
performance test” for use in mixture design and construction quality control.

Obijectives of this study included conducting the dynamic modulus test, evaluating the
accuracy/variability of test results, constructing master curves for the mixtures tested,
and evaluating the Witczak predictive equation contained in the MEPDG for
determining E*. Three replicate test specimens were prepared for this study for each of
two aggregate types, two binder grades, three nominal maximum aggregate sizes, and
two air voids levels. The analysis showed that the variability of the average dynamic
modulus for each set of four replicates was acceptable. Since the dynamic modulus tests
were run at intermediate temperatures in this study, a modified procedure, using
Arrhenius and power functions, was employed to construct the master curves. Based on
the master curves, the effects of aggregate size, binder content, and air voids on the
tested asphalt mixtures were evaluated and determined to be consistent and reasonable.
The correlation of measured and predicted values (from the Witczak equation) was then
assessed using the goodness-of-fit statistics. The measured and predicted values were
also compared by matching the two values and master curve comparison. The
goodness-of-fit statistics showed that the performance of the Witczak equation in
predicting the dynamic moduli of the mixtures used in this study was very good to
excellent, and the Witczak predictive equation had good correlation to the measured
dynamic modulus values. The master curve comparison of measured and predicted
values also confirmed that the Witczak predictive equation fitted the test data in this
study very well. The testing procedure and results of this study are recommended for

preparing input data for the MEPDG.
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CHAPTER 1: INTRODUCTION
1.1 Problem Statement

The AASHTO Guide for Design of Pavement Structures has served well as a
design guide for many state highway agencies to design new and rehabilitated highway
pavements for several decades. In the 1995-97 National Pavement Design Review, the
Federal Highway Administration (FHWA\) stated that about 80 percent of the States
make use of either the 1972, 1986, or 1993 AASHTO Guide (1). The Arkansas State
Highway and Transportation Department (AHTD) currently uses the 1993 AASHTO
Guide for new pavement design.

More recently, the AASHTO Joint Task Force on Pavements (JTFP), which has
responsibility for the development and implementation of pavement design
technologies, has recognized the limitations of the earlier Guides in the areas of traffic
loading, foundations, drainage, climate effects, pavement performance, and pavement
rehabilitation. The JTFP initiated an effort to develop a new Guide under National
Cooperative Highway Research Program (NCHRP) Project 1-37A: “Development of the
2002 Guide for the Design of New and Rehabilitated Pavement Structures”.

The overall objectives of NCHRP Project 1-37A were (1) to develop a new
pavement design guide based on existing mechanistic-empirical (M-E) design concepts;
and (2) to develop rudimentary computational software based on the Design Guide.

One advanced feature of the NCHRP 1-37a mechanistic-empirical pavement
design guide (MEPDG) which was not found in previous versions of the AASHTO
Guide is the hierarchical approach to design inputs (1). The hierarchical approach

includes three levels of inputs. For a given flexible pavement design project, inputs may



be provided using a mix of levels, and the variability associated with each input level is
directly applied in the design reliability simulation. Therefore, a design using lower
levels of input accuracy may result in a more conservative design because the design
must consider the uncertainties of design inputs when establishing reliability.

The hierarchical approach is used with regard to traffic, materials, and
environmental inputs (1):

e Level 1 inputs provide the highest level of accuracy of inputs and the lowest
level of uncertainty. Level 1 material inputs require laboratory or field testing.
They would typically be used for designing heavily trafficked pavements.

e Level 2 inputs provide an intermediate level of accuracy, which is typically
selected from an agency database, derived from a limited testing program, or
estimated through correlations. This input level is closest to the typical
procedures used with earlier editions of the AASHTO Guide and can be used
when level 1 inputs are not available.

e Level 3 inputs provide the lowest level of accuracy. Inputs typically would be
user selected default values or typical averages for the region. This input level is
intended for designing low volume roads.

In the MEPDG, level 1 material characterization inputs for hot-mix asphalt
(HMA) require a dynamic modulus (E*) value from laboratory tests while level 2 and 3
HMA inputs are estimated using Witczak’s predictive model (2). However, level 2
dynamic modulus predictions require laboratory measured binder viscosity whereas
level 3 |E*| predictions use the default binder properties established for all binder grades

in the MEPDG.



However, the dynamic modulus of HMA has never been routinely measured and
reported in Arkansas because current flexible pavement design procedures used in
Arkansas, based on the 1993 AASHTO Guide for the Design of Pavement Structures, do
not require input values related to the dynamic modulus of the HMA mixture. The
general approach in the 1993 AASHTO Design Guide uses a “structural coefficient” to
describe the structural capacity of the asphalt layer, and this coefficient is not varied for
different types of hot mix asphalt (HMA) used in a given pavement. Therefore, it is
necessary to determine the dynamic modulus of all typical mixtures used in Arkansas
for future implementation of the MEPDG.

The application of the dynamic modulus is not limited to the pavement design,
but it is also used for quality control/quality assurance research purposes. In 1993, the
Strategic Highway Research Program (SHRP) developed a new HMA mixture design
procedure called “Superpave”. The Superpave system included the Superpave gyratory
compactor (SGC) that better simulates the field compaction of HMA mixtures. The
Superpave gyratory compactor uses a combination of pressure and a gyratory angle to
compact an HMA specimen. The angle of gyration is an important factor affecting the
compaction effort. A current standard (AASHTO T312) allows two different methods
of gyratory angle calibration: external and internal. The internal calibration method uses
the Dynamic Angle Validation (DAV) kit. Recent studies demonstrated the DAV ability
to calibrate the internal angle of different SGCs to produce HMA specimens having
similar densities (3,4), which is crucial to both HMA mix design and quality

control/quality assurance purposes.



However, researchers generally agree that the magnitude of the internal angle of
gyration measured by the DAYV is a function of the stiffness (dynamic modulus) or shear
resistance of the particular HMA mixture used in the determination (5). Therefore, it is
necessary to determine whether the impact of HMA stiffness on the associated internal

angle of gyration measured by the DAV is significant.

1.2 Objectives of Project
The overall objective of this research was to support the implementation of the
MEPDG in Arkansas by establishing HMA material inputs — namely, the dynamic
modulus. Specific objectives include:
1. developing a dynamic modulus database and determining the data
variability for level 1 |[E*| inputs;
2. evaluating the |E*| predictions for level 2 and 3 inputs using Witczak’s
predictive model;
3. identifying the appropriate |E*| input level for the future applications in
the MEPDG;
4. investigating the effects of dynamic modulus on the associated internal
angles of gyration measured by the DAV;
5. studying the potential of using the simulated loading devices for the

internal gyration angle calibration of SGCs.



1.3 Scope of Work

In order to successfully complete the objectives of this study, the following
research tasks were accomplished:

The first research effort reviewed updated literature regarding HMA volumetric
properties, performance-related tests, and pavement distresses. The review focused on
current test methods to evaluate the stiffness of HMA mixtures, especially dynamic
modulus test and prediction techniques. In addition, the development and application of
the DAV was reviewed.

All typical mixtures used in Arkansas were identified and verified in the
laboratory. The experimental plan included four aggregate sources, three nominal
maximum aggregate sizes, two binder grades, and two air void levels. After the
dynamic modulus of HMA mixtures was determined, the test variability was evaluated,
and the subsequent master curves were constructed. The dynamic modulus test results
were then used to assess available predictive models for the dynamic modulus of HMA
mixtures.

The DAV procedure was tested on three HMA mixtures with significantly
different stiffness values. The results were used to investigate effects of the stiffness of
the mixtures on the internal angle of gyration.

A final task related to the project was an investigation of the concept of “static
creep’ in hot-mix asphalt. A “‘white paper’ was prepared detailing the findings of the

literature review performed regarding static creep.



CHAPTER 2: DESIGN OF HOT-MIX ASPHALT
HMA pavement design consists of two parts: mix design and structural design,
which determine the pavement’s resistance to common distresses. This chapter covers

the primary stresses in flexible pavements followed by the fundamentals of mix design.

2.1 Flexible Pavement Distresses

When a wheel load is applied on a pavement, stresses are transmitted to the
pavement structure. The pavement structure must be strong enough to resist the
accumulation of damage as function of time and traffic. The primary flexible pavement
distresses that engineers try to avoid are permanent deformation, fatigue cracking, and
low temperature cracking. Permanent deformation and fatigue cracking are load-
associated distresses. Low temperature cracking is caused by the pavement shrinkage in

cold weather.

2.1.1 Permanent Deformation

Permanent deformation is an accumulation of small amounts of unrecoverable
deformation occurring each time a load is applied. Wheel path rutting is a common
form of permanent deformation. Two types of permanent deformation are normally
addressed in literature.

One type of rutting is caused by the weak support below the asphalt layer(s), as
illustrated in Figure 2.1(a). It is considered as a structural problem rather than a
materials problem. The deformation occurs in the underlying layers rather than in the

asphalt layer(s).
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The other type of rutting is deformation in the asphalt layer(s), as illustrated in
Figure 2.1(b). The asphalt mixture is not strong enough to resist the shear occurred in
the asphalt layer(s) under repeated heavy loads. As a result, the asphalt mixture under
the wheel path is pushed downward and laterally. Deformation of a weak mixture
typically occurs under high pavement temperatures. It is not solely an asphalt binder
problem but a combined problem of mineral aggregate and asphalt binder (6).

Permanent deformation changes drainage characteristics, decreases runoff
capability, which reduces skid resistance of the surface course, increases hydroplaning
conditions and impedes the removal of snow and ice in cold weather. In addition,
rutting increases roughness and reduces the overall serviceability of the pavement.

Studies conducted by National Center for Asphalt Technology (NCAT) showed
that permanent deformation generally occurred in the top 75 to 100 mm (3 to 4 in.) of

flexible pavements (7,8).

2.1.2 Fatigue Cracking

Fatigue cracking is initiated at points where the critical tensile strains and
stresses occur under repeated traffic loads. Once the cracking initiates at the critical
location, the continued traffic loads eventually causes the cracks to propagate through
the entire bound layer. An early sign of fatigue cracking is longitudinal hair cracks in
the wheel path. When transverse cracks join the longitudinal cracks, this state of fatigue
cracking is called alligator cracking. Severe alligator cracking may lead to potholes.

Fatigue cracking is usually caused by large deflections under repeated heavy

wheel loads. Large deflections lead to increased horizontal tensile stresses at the bottom



of the bound layer. That results in fatigue cracking to initiate at the bottom of the bound
layer and propagate to the surface (bottom-up cracking). If the phenomenon of cracking
initiation and propagation occurs in an underlaying stabilized layer, cracking reduces
the overall structural capacity of the layer and then pavement, and it induces reflective
cracking in the upper bound layers.

The other type of fatigue cracking is initiated from the top and propagates down
(top-down cracking). Top-down fatigue cracking of a highly aged thin surface layer
may be due to critical tensile and/or shear stresses developed at the surface and caused
by extremely high contact pressure at the tire edge-pavement interface (1).

Fatigue cracking propagating throughout the bound layer thickness allows water
to seep into the underneath unbound layers. It weakens the pavement structure,

increases roughness, and reduces overall pavement serviceability.

2.1.2 Low Temperature Cracking

Low temperature cracking is caused by cold weather rather than by traffic loads.
It is described by transverse cracks occurring at nearly equal spacing (6). The pavement
shrinkage in cold weather causes tensile stress building within the layer. At some
critical locations, the tensile stress exceeding the tensile strength of the bound layer

causes low temperature cracks.

2.2 Asphalt Mixture Design Procedures
Asphalt mixture design procedures typically include the steps used to select

asphalt binder and mineral aggregates and subsequently combine them together. HMA



mixtures are designed to resist to the pavement distresses such as permanent
deformation, fatigue cracking, and low temperature cracking. In addition, HMA

mixtures must meet requirements for workability, durability, and skid resistance.

2.2.1 Marshall and Hveem Methods

The Marshall mixture design method was developed in 1939 by Bruce Marshall,
an engineer working for the Mississippi State Highway Department. The method was
then refined by the U.S. Army Corps of Engineers to standardize as ASTM D 1559 and
AASHTO T 245 (6).

One advantage of the Marhsall method is that it designs an asphalt mixture using
stability and void analyses. In addition, it requires inexpensive and portable equipment.
However, the impact compaction may not simulate field densification of the mixture.
Additionally, the Marshall stability test does not adequately measure the shear strength
of the mixture in question, making it difficult to characterize the mixture rutting
resistance (6).

The final form of Hveem mixture design method was introduced in 1959 by
Francis Hveem of the California Department of Transportation. The procedure was
standardized as ASTM D 1560 and ASTM D 1561. The method was normally
employed in the western states.

The Hveem method is like the Marshall method in that it requires a density and
stability analysis. In addition, it measures the mixture’s resistance to swell in the
presence of water. It is felt that the kneading compaction better simulate the field

densification characteristics of HMA. The Hveem stability test directly measures the

10



internal friction angle of shear strength, which determines the mixture resistance to
lateral displacement under a vertical load. However, the test equipment for the Hveem
method is expensive and not portable. It is thought that the Hveem method is too

subjective and probably creates non-durable HMA with too little asphalt binder (6).

2.2.2 Superpave Asphalt Mixture Design Procedure

In 1987, the United States Congress established a five-year fund for the
Strategic Highway Research Program (SHRP). The research efforts were to improve
durability and performance of asphalt materials and mixtures used for roadways in the
U.S. The principal product of the SHRP was Superpave (Superior Performing Asphalt
Pavements). Superpave consists of two major parts, the Superpave asphalt binder
analysis and the Superpave asphalt mixture design and analysis. Superpave is
considered as a superior system for grading asphalt binders, selecting aggregate
materials, conducting asphalt mixture design, and predicting mixture performance.

In the Superpave performance graded asphalt binder specification (9), asphalt
binders are selected based on the climate and traffic conditions at the site of the paving
project. The Superpave asphalt binder specification classifies binder grades according to
the high and low temperatures between which the binder possesses adequate physical
properties in pavements.

The minimum required PG binder is chosen to satisfy the pavement
temperatures and the design reliability. The pavement temperatures for determining the
binder grade include the yearly, 7-day-average, maximum pavement temperature

measured 20 mm below the pavement surface and the yearly, 1-day-minimum pavement
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temperature measured at the pavement surface. The above temperatures can be obtained
from actual site data or using LTPPBIind software (10). The design reliability is chosen
based on road classification, traffic level, cost, and other factors.

If traffic speed or the design equivalent single loads (ESAL) warrant, the binder
grade selection should be adjusted (10). The binder grades for slow and standing traffic
load rate would be increased by one and two grade equivalents, respectively. If the
design traffic is expected to be between 10 million and 30 million ESALS, the binder
grade is considered increasing by one grade equivalent. If the design traffic is expected
to exceed 30 million ESALS, the binder grade is required to increase by one grade
equivalent.

In the Superpave system, a Superpave design aggregate gradation developed on
a 0.45 power gradation chart must pass between gradation control points. The combined
aggregate gradation is classified as coarse graded when it passes below the Primary
Control Sieve (PCS) control point. All other gradations are classified as fine graded.
The aggregates must meet the requirements for coarse aggregate angularity, fine
aggregate angularity, flat and elongated particles, and clay content (10). The Superpave
system ensures that the design aggregate structure has a strong stone skeleton to
enhance resistance to rutting while maintaining enough voids to enhance mixture
durability (6).

Two new key features in the Superpave system comparing to other mix design
methods are laboratory compaction and performance testing. Laboratory compaction is
performed using a Superpave gyratory compactor (SGC). The SGC is designed to better

simulate the field compaction of HMA. Performance testing includes two new
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performance based testing procedures: the Superpave Shear Test (SST) and the Indirect
Tensile Test (IDT). The data from the tests are used in the performance prediction
models included in the Superpave system to estimate the mixture performance (6).
However, the Superpave performance testing has never been implemented by the

asphalt paving community.

2.3 Asphalt Mixture Volumetric Properties

An asphalt mixture is designed based on the volumetric properties and their
requirements specified in the Superpave system. This section reviews only the
volumetric properties that are important to characterize the HMA later in this study
(11). The volumetric properties of an asphalt mixture can be presented in a multiphase
diagram, as shown in Figure 2.2.

Air voids (V,) are the percent by volume of air between the coated aggregate

particles of a compacted paving mixture and calculated using Equation 2.1.

Vv, :100><(1— gmb j (2.1)

mm
where:
Gmm = maximum specific gravity of the mixture
Gmp = bulk specific gravity of the compacted specimen
Voids in mineral aggregate (VMA) are the volume of the void space between the
aggregate particles of a compacted mixture. VMA includes the air voids and the

effective binder content, and it is calculated using Equation 2.2.

13



|

Air voids (Va)

Air

Voids in mineral
Effective asphalt ~ @ggregate (VMA)
(Vietr)

Absorbed asphalt (Vpa)

Mineral aggregate
Aggregate (bulk) (Vsb)

Figure 2.2. Volumetric Properties of HMA
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P
VMA =100 x (1——6”“’ s J (2.2)
Gsb
where:
Gmp = bulk specific gravity of the compacted specimen
Ps = percent of aggregate in the total weight of mixture

Gs = bulk specific gravity of aggregate

Binder content (Py) is the percent by mass of binder in the total mixture
including binder and aggregate. The binder content is optimum when the compacted
HMA mixture has the required air void level at Ng. In Arkansas, the required air void
levels are 4.5 percent for binder grade PG70-22 and 4.0 percent for binder grade PG76-
22 (12).

Effective binder volume (Vyet) is the volume of binder that is not absorbed into
the aggregate, and it is determined using Equation 2.3.

Vit =VMA-V, (2.3)
Voids filled with asphalt (VFA) are the percent of the VMA filled with binder
and calculated using Equation 2.4.

VFEA =100 x (\M]

VMA (2.4)

2.4 Superpave Hot-Mix Asphalt Design Requirements in Arkansas
This section summarizes the requirements for the Superpave HMA design used
in Arkansas (12). The combined aggregate shall pass between the gradation control

points specified in Table 2.1. The HMA design shall meet the V,, VMA, VFA, and dust-

to-effective binder ratio requirements presented in Table 2.2.
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Table 2.1. Superpave Gradation Control Points Used in Arkansas (12)

Nominal Maximum Aggregate Size-Control Points (% Passing)

Sieve Size 37.5 mm 25.0 mm 12.5 mm

(mm) Min Max Min Max Min Max

50.0 100 - - - - -
37.5 90 100 100 - - -
25.0 - 90 90 100 - -
19.0 - - - 90 100 -
12,5 - - - - 90 100
9.5 - - - - - 90
4.75 - - - - - -
2.36 15 41 19 45 28 58
1.18 - - - - - -

0.075 0 6 1 7 2 10

Table 2.2. Superpave HMA Design Requirements Used in Arkansas (12)

Va at Ngesign VMA VFA Dust-to-
(%) (% Minimum) (%) Binder Ratio
Binder Grade Nominal Max Aggregate (mm)
PG70-22 PG76-22 37.5 25.0 12.5
4.5 4.0 11.5-13.0 12.5-14.0 145-16.0 65-75 0.7-1.4
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2.5 Effects of Mixture Properties on HMA Performance

Performance of an HMA mixture is influenced by the aggregate properties,
binder properties, and volumetric properties of the HMA mixture. Aggregate properties
that relate to HMA performance are gradation and size, aggregate particle shape and
angularity, and properties of minus 200 material.

Gradation of the combined aggregate in an HMA mixture significantly affects
the HMA pavement performance, especially rutting resistance (13-15). A reasonably
dense gradation with adequate VMA helps to improve resistance to degradation during
construction and under traffic, and it also increases resistance to fatigue cracking when
used in thick pavements (13). In general, HMA mixtures with large maximum size
resist permanent deformation better than those with small maximum size (13).

Aggregate particle shape and angularity of an HMA mixture plays an important
role in the mixture performance. The angularity factor of an aggregate used in HMA
includes the angularity of coarse aggregate and the angularity of fine aggregate. In
general, the aggregate angularity has a major effect on mix stability (16), and high
angularity provides better resistance to permanent deformation (17,18). However, the
angularity of the fine aggregate is a more important factor to rutting resistance than the
angularity of coarse aggregate (19). Another study finds a stronger relationship between
the fine aggregate angularity and rutting than between the coarse aggregate angularity
and rutting (20). Higher fine aggregate angularity results in greater VMA and smaller
permanent deformation (21). Mixtures containing manufactured sand (that normally has
a higher angularity) show less rutting than mixtures with natural sand (that typically has

a lower angularity) (17, 22-24).
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The aggregate particle shape affects the coarse aggregate breakdown, the rutting
susceptibility, and volumetric properties of compacted HMA mixtures (25). Flat and
elongated particles are undesirable in HMA mixtures due to their tendency to
breakdown during construction and operation. Thin aggregates may decrease the fatigue
life of HMA mixtures (13).

In addition, the HMA mixture performance is influenced by the properties of
minus 200 material (the material passing No. 200 sieve). Fines sometimes can act as an
extender of asphalt cement binder, which may result in an over-rich HMA mixture,
leading to rutting (26). Some fines affect the asphalt binder to act stiffer than its grade,
influencing the HMA fracture behavior (27,28).

Binder properties affecting performance of asphalt pavements include binder
content and performance grade. The binder content in an HMA mixture should not be
0.5 percent above or below an optimum level (29). Excessive binder contents, may lead
to rutting in the HMA mixture (30). However, asphalt contents below the optimum may
affect the long-term durability of the mixture and produce dry mixtures that complicate
lay-down and compaction (31).

When polymer modifiers are added to conventional or unmodified asphalts, the
modified asphalts have higher performance grades. The use of modified asphalt in an
HMA mixture significantly improves the rutting resistance of the mixture (32). In a
case, when the modified asphalt was used, rutting was reduced up to 50 percent, and
pavement load-carrying capacity was increased more than 300 percent (31).

The amount of air voids in the HMA mixture is one of the volumetric properties,

which affects the HMA stability and durability (30). When the air voids are higher than
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8 percent, the mixture is permeable to air and water, which fastens the oxidation of the
asphalt binder, causing premature cracking (33,34). However, when the air voids are
lower than 3 percent, the pavement may show permanent deformation due to plastic
flow (35,36).

The minimum VMA requirement in the Superpave system was to specify the
minimum permissible asphalt content in the mixture to ensure its durability (37).
Recently, the effects of VMA, an important mix design parameter, on the asphalt
mixture performance have been studied in several projects. One such study (37) stated
that the VMA criteria should be different for coarse and fine asphalt mixtures. In
contrast, another study by Anderson and Bentsen (38) reported that no statistically
significant difference was found between the fatigue cracking parameters of a coarse
mix and a fine mix with the same VMA. In addition, the fatigue properties of a mix
with 13 percent VMA and a mix with 15 percent VMA were not significantly different.
However, increasing the VMA from 13 percent to 15 percent in coarse mixtures can
lead to poor performance. Some researchers (39,40) questioned the suitability of the
VMA criteria in the Superpave system.

There is increasing interest in using asphalt film thickness either to supplement
or to replace the VMA requirements in the Superpave system (37,41-43). Stiady et al.
(43) proposed that the film thickness included in mixture design procedures would have

an acceptable range of 7 to 9 microns.
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2.6 Relationship of SGC Properties to HMA Performance

One of key features in the Superpave system is laboratory compaction using the
SGC. The SGC can simulate the field compaction of HMA mixtures, and it is thought
that the SGC data collected during gyratory compaction of an HMA mixture can be
used to assess the HMA pavement performance.

A study under NCHRP Project 9-16 (44), “Relationship Between Superpave
Gyratory Compactor Properties and Permanent Deformation of Pavements in Service,”
showed that the product of compaction slope and air voids, k x AV , was not related to
estimated rut depth. The study reported that the best parameter was the number of
gyrations at which the peak shear stress occurs during compaction, N-SRmax. This
parameter can be determined using an AFG1 SGC from Pine Instruments or a Gyratory
Load Cell Plate Assembly (GLPA) developed at the University of Wisconsin —
Madison. However, the biggest limitation of the N-SRyax parameter is that it is sensitive
to the aggregate structure and asphalt binder volume but insensitive to the stiffness of
the asphalt binder in an asphalt mixture. Therefore, this parameter may serve as a rapid
indicator of HMA rutting potential but not a replacement for performance-related
testing.

Another study by D’Angelo et.al. (45) did not find a relationship of the
compaction slope to the asphalt pavement performance. The research team concluded
that the slope of the compaction curve should not be a good indicator for the HMA
mixture performance. However, in recent research conducted by the Pennsylvania
Transportation Institute (PTI) and Advanced Asphalt Technologies (AAT) (46), the

compaction slope together with indirect tensile (IDT) strength and VMA were used to

20



develop a good, simple and rational model (R? = 0.82, unadjusted) that can predict

laboratory rutting potential.

2.7 Summary

This chapter introduced the primary flexible pavement distresses: permanent
deformation, fatigue cracking, and low temperature cracking. The pavement distresses
are not only considered in the structural design of flexible pavements but also in the
design of HMA mixtures. The HMA mixture design methods, such as Marshall method,
Hveem method, and Superpave mixture design procedure, were developed to design the
mixtures that can resist to the primary pavement distresses. Among the mix design
methods, the Superpave system is the most comprehensive mix design procedure up to
date. In the Superpave system, the binder and aggregates used in the mix design are
chosen carefully based on their properties, and the subsequent HMA mixture is
designed based on its volumetric properties.

The effects of the mixture properties, such as aggregate, binder and volumetric
properties, on performance of asphalt pavements were also reviewed in this chapter.
Among the important volumetric properties that affect the HMA mixture stability and
durability, the VMA requirements in the Superpave system were questioned. There is
growing interest in using asphalt film thickness either to supplement or to replace the
VMA requirements in the Superpave design procedure.

The SGC is a key feature in the Superpave system. It can simulate the field
compaction of HMA mixtures. Research is ongoing to investigate the use of SGC data

in the evaluation of performance of HMA mixtures. One promising approach is to use
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the compaction slope together with the indirect tensile strength and VMA in model that

can predict laboratory rutting potential.
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CHAPTER 3: CHARACTERIZATION OF ASPHALT MIXTURES
3.1 Mechanical Behavior of Asphalt Binder

Since asphalt binders are characterized as viscoelastic materials, their behavior
is dependent on both temperature and rate of loading. At high temperatures, such as
135C (275F), or under sustained loads (e.g., slow moving or stopped vehicles), asphalt
cements typically behave as simple Newtonian or non-Newtonian fluids (9). The
Newtonian fluids have (1) a constant ratio of shear stress to shear strain rate and (2) a
constant viscosity regardless of shear strain rate, as shown in Figure 3.1. For non-
Newtonian liquids, the ratio of shear stress to shear strain rate is not constant. Most
modified binders are non-Newtonian liquids at mixing and compaction temperatures in
the field (47). At cold temperatures or under fast moving loads, asphalt binders behave
as elastic solids. Asphalt binders may be too brittle and initiate low temperature
cracking at very low temperatures. At intermediate temperatures, asphalt binders act as
viscoelastic materials exhibiting both viscous and elastic characteristics (9).

Asphalt binders also react with oxygen, and this reaction is called oxidation.
Oxidation changes the structure and composition of asphalt molecules, making asphalt
binders more brittle. Therefore, old asphalt pavement is more susceptible to cracking.
Oxidation occurs faster in warm climates (9) or when the HMA mixtures have more

than 8 percent air voids (33,34).
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Figure 3.1. Newtonian Liquid Behavior (9)
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3.2 Superpave Asphalt Binder Tests

The Superpave binder tests are designed to evaluate the binder performance at
three states of its life: in its original state, after mixing and compaction, and after in-
service aging (9). Table 3.1 shows a list of the Superpave binder testing equipment that
conduct various Superpave binder tests to determine the physical properties of asphalt
binders, which affect the HMA performance. Table 3.2 shows the binder aging
conditions for Superpave binder tests.

Tests performed on original asphalt binders determine the binder properties for
transport, storage, and handling. The binders are then aged using the rolling thin film
oven (RTFO) procedure, which simulates the aging condition of the binders during mix
production and construction. In this form of aging, asphalt binders are aged by two
mechanisms: volatilization of light oils in the binders and oxidation by reacting with the
oxygen in the environment. In-service aging of RTFO-aged binders in the laboratory is
performed using the pressure aging vessel (PAV) procedure, which simulates the
oxidation of asphalt binder as part of the HMA layer in an asphalt pavement (9).

This section summarizes the dynamic shear rheometer (DSR) and rotational
viscometer (RV) test procedures. The test parameters, such as complex shear modulus
and viscosity, obtained from these tests are used for predictive equations for the
dynamic modulus of HMA later in this study. Detailed procedures for the binder tests

listed in Table 3.2 can be found in the appropriate AASHTO test methods (48-51).
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Table 3.1. Superpave Asphalt Binder Testing Equipment (30)

Binder Test PURPOSE Performance

Equipment Parameter
Rolling Thin Film Oven  Simulate binder aging Resistance to aging
(RTFO) (hardening) during HMA (durability) during

production and construction  construction

Pressure Aging Vessel Simulate binder aging Resistance to aging
(PAV) (hardening) during HMA (durability) during
service life service life

Rotational Viscometer Measure binder propertiesat  Handling and pumping

RV) high construction
temperatures
Dynamic Shear Measure binder properties at  Resistance to rutting
Rheometer (DSR) high and intermediate service and fatigue cracking
temperatures
Bending Beam Measure binder properties at  Resistance to low
Rheometer (BBR) low service temperatures temperature cracking

Direct Tension Tester Measure binder properties at  Resistance to low

(DTT) low service temperatures temperature cracklng
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Table 3.2. Aging Conditions for Superpave Binder Tests (9)

Superpave Binder Test

BINDER CONDITION

Dynamic Shear Rheometer (DSR)

Rotational Viscometer (RV)
Bending Beam Rheometer (BBR)

Direct Tension Tester (DTT)

Original binder
RTFO-aged binder

PAV-aged binder
Original binder
PAV-aged binder

PAV-aged binder
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3.2.1 Dynamic Shear Rheometer

The dynamic shear rheometer (DSR) characterizes the viscous and elastic
properties of asphalt binders at intermediate and high temperatures. This test measures
the dynamic (complex) shear modulus (|G*|), and phase angle () of asphalt binders. A
schematic of the DSR is illustrated in Figure 3.2.

All Superpave DSR tests are conducted on unaged, RTFO-aged, or PAV-aged
binders at an angular frequency of 10 radians per second, which is equal to
approximately 1.59 Hz. A constant stress is applied as the loading mode. Original and
RTFO-aged binders are tested at strain values of 10 to 12 percent, and PAV-aged
binders are tested at strain values of about one percent (52). These strain limits keep the
binder behavior in the linear viscoelastic range. During each cycle, both stress and
strain are measured. At the end of the test, the |G*| and ¢ are reported.

The complex shear modulus (G*), which is a complex number, consists of two
components: the storage modulus (G’), which represents the elastic (recoverable)
response, and the loss modulus (G’”), which represents the viscous (non-recoverable)
response. The phase angle () represents the relationship between G*, G’, and G”, as
shown in Figure 3.3.

The relationship between the applied stress and resulting strain, as shown in
Figure 3.4, is used to calculate the dynamic (complex) shear modulus (|G*|), which is

the ratio of total shear stress (zmax - 7min) to total shear strain (ymax - ymin) (30):

| G* |: Tmax ~ Tmin (3.1)

Ymax ~ ¥ min
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Figure 3.3. Components of Complex Shear Modulus (30)
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The storage modulus (G’) and loss modulus (G””) are computed from the
dynamic (complex) modulus (|G*|) and the phase angle (o) between the peak stress and
the peak strain in Equations 3.2 and 3.3, respectively.

G'=[G*coss (3.2)
G"=|G*sins (3.3)
The ratio of the loss modulus (G™) to the storage modulus (G’) is the loss

tangent.

Loss tangent =tan o = (;— (3.4)

The asphalt binder is tested in the DSR in its original and RTFO-aged conditions
at the maximum design temperature to determine the binder’s ability to resist rutting.
PAV-aged binders are tested at the intermediate design temperature to evaluate the
binder’s resistance to fatigue cracking (30).

Permanent deformation is governed by limiting G*/sing, determined at the
maximum design temperature, to values greater than 1.00 kPa for original binders and
2.20 kPa for RTFO-aged binders. Fatigue cracking is governed by limiting G*sinJ,

determined at the intermediate temperature, to values less than 5,000 kPa after PAV

aging (9).

3.2.2 Rotational Viscometer
A rotational viscometer test (Figure 3.5) is used to determine the binder
viscosity, which assures that the binder is fluid enough at normal operating temperature

to pump and handle at the hot mix facility.
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Figure 3.5. Schematic of Brookfield Viscometer (9)
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The rotational viscosity is determined by measuring the torque required to
maintain a constant rotational speed (20 rpm) of a cylindrical spindle while submerged
in an asphalt binder sample at a constant temperature (9).

The Superpave binder specification limits the viscosity to 3 Pa-s at 135C (30).
The viscometer test data can also be used to develop temperature-viscosity charts for
estimating mixing and compaction temperatures for use in mixture design. An example
of the temperature-viscosity chart is shown in Figure 3.6. The relationship between
temperature and binder viscosity in Figure 3.6 is linear after log-log transformation of

the viscosity data and log transformation of the temperature data (53).

loglogn = A+VTS logTy (3.5)
where:
n = viscosity, cP
Tr = temperature, Rankine
A = regression intercept

VTS  =regression slope of Viscosity-Temperature Susceptibility
For conventional asphalt binders, mixing and compaction temperatures are
determined by selecting temperatures corresponding to the viscosity value of 0.17 +
0.02 Pa-s for mixing and 0.28 + 0.03 Pa-s for compaction (9). For modified binders, a
study by Bahia et al. (47) proposed to use the viscosity values of 0.75 + 0.05 Pa-s for
mixing and 1.40 + 1.00 Pa-s for compaction measured at 20 rpm with Brookfield

viscometer.
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The binder viscosity can be estimated from the complex shear modulus data

using Equation 3.6 (1).

% 4.8628
y = %{ﬁj (3.6)
where:
n = viscosity, Pa-s
G* = complex shear modulus of binder, Pa
o = phase angle, degree

3.3 Mechanical Behavior of HMA Mixture

Hot-mix asphalt is a composite material, which is composed of aggregates,
asphalt binder and perhaps other additives. Therefore, according to Uzan (54), it is more
complicated to characterize the asphalt mixture behavior than to characterize the asphalt
binder alone because HMA properties vary with composition, temperature, loading
frequency, and stress level. An HMA mixture can change its properties from linear
viscoelasticity at low temperatures, high frequencies, and low load levels to nonlinear
viscoelastoplastic at high temperatures, low frequencies, and high load levels (54,55).

The HMA mechanical behavior at cold temperatures (lower than 10C) is
governed by the viscoelastic behavior of the asphalt binder (54,56), and the maximum
stiffness of the mix is dependent on the limiting binder stiffness (57). According to
Christensen (58), asphalt binders have been characterized as linear viscoelastic
materials, so HMA mixture can also be approximated as a linear viscoelastic material at

cold temperatures lower than 0C (32F).
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A study by Goodrich (56) showed that at intermediate temperatures (between
10C and 50C), HMA rheology was sensitive to unique properties of the binders, and
modified asphalt binders were expected to improve the performance of HMA mixtures
at medium temperatures.

At high temperatures (above 50C), the aggregate structure influences the
compressive strength of the mix more than the viscous behavior of the asphalt binder
(54). The differences in the binders are not apparent in the dynamic mechanical
properties of the mixes (56). The compressive strength reaches a limiting equilibrium

value, which is dependent on the aggregate gradation (57).

3.4 HMA Stiffness
HMA stiffness is used in pavement engineering to evaluate the relative quality
of mixtures and to predict the response of pavements subjected to wheel loads. HMA

stiffness parameters often used are resilient, dynamic, and relaxation moduli.

3.4.1 Resilient Modulus

The resilient modulus is defined as the elastic modulus that is applied in the
elastic theory (59). Pavement materials are not elastic because they experience some
permanent deformation after each load application. However, if the load is small
compared to the strength of the material, the deformation under each load repetition
after a large number of load repetitions is nearly completely recoverable, and the

materials can be considered elastic.
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The elastic modulus based on the recoverable strain under repeated loads is
called the resilient modulus (Mg), which is the ratio of the deviator stress (oy) to the

recoverable strain (&).

Mg =24 (3.7)

3.4.2 Dynamic (Complex) Modulus

Hot mix asphalt is a composite material, whose mechanical behavior is primarily
governed by the viscoelastic nature of the asphalt binder. The fundamental problem in
the investigation of HMA viscoelastic property is the determination of the functional
relationship between the kinematic quantity (strain) and the dynamic quantity (stress).

The complex modulus is one of many methods available for describing the stress-
strain relationship of linear viscoelastic materials. Huang (59) presents the theory of
complex modulus using the Kevin model, shown in Figure 3.7-a, using a sinusoidal
loading.

The sinusoidal loading can be represented by a complex number:

o =0, cos(wt)+ic,sin(ot)=o,e" (3.8)
in which oy is the stress amplitude and w is the angular velocity, which is related to the
frequency f by:

w = 27 (3.9)
By assuming that the inertia effect is negligible, the governing differential
equation for the Kevin model can be written as:
o€

b+ Eie = o (3.10)
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Figure 7. Total Axial Strain versus Time (1)

Figure 8. Rate of Change in Compliance versus Loading Time (1)
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Analyses and comparisons of mixture responses to permanent deformation
Researchers have studied the relationship between the static creep test parameters and
the performance deformation behavior of the asphalt material in the field. In one project
(5), the test parameters were compared to the Asphalt Pavement Analyzer (APA) and
Hamburg Wheel-Tracking Device (HWTD) results. The test parameters investigated
include the intercept (a), slope (m), compliance (D(t)) at short time and long time, and
flow time (F1).

Intercept Parameter (a)

The intercept for unconfined conditions showed rational relationships with the rut
depth, and the statistics obtained for linear models were rated fair to good. However, the
intercept for confined conditions had very poor measures of model accuracy, and it was
not related to the but-depth measurements (1).

Slope Parameter (m)

The slope parameters for both unconfined and confined conditions had positive and
rational relationship with the rut-depth. The goodness-of-fit statistics of the linear
models were rated fair to good (1).

Bhasin et al. (5) reported that among the test parameters investigated, including
dynamic modulus (E*), E*/sing, flow time (Fr), flow time slope (m), flow time
intercept (a), flow number (Fy), and flow number slope (b), the slope parameter of
static creep test provided the best correlations with the APA and HWTD rut depth.
Compliance D(t) at Short and Long Term
The compliance at short and long term for both unconfined and confined conditions had
a good relation with the rut depth. The measure of linear model accuracy was rated fair
to good (1).

Flow Time (F)

The flow time for both unconfined and confined conditions had a good correlation with
field rut depth measurements. The goodness-of-fit statistics obtained from the power
models were good to excellent. Figures 9 and 10 present two examples of rut depth
versus unconfined and confined flow time. The weighted average statistical measures
for the flow time (Fr) were R® = 0.91 and Se/Sy = 0.323 for unconfined conditions, and
R?=0.87 and Se/Sy = 0.388 for confined conditions (1).
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Overall, the flow time was rated the best among all static creep test parameters
to correlate with the rutting behavior in the field. The higher the flow time value, the

longer time to failure, the better the mixture performance.

ALF: Confined Static Creep Test - Flow Time
@ 130 °F (54.4 °C) (20 psi)

Se/Sy = 0.466] | | ©5-AC-10
R?=0.82 r 07 - Styrelf
‘ % 8 - Nowophalt
L 09-ACS
A10-AC20
+11 - Base AC-5
% 12 - Base AC-20

Rut Depth @ 10,000 Passes
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Flow Time, sec

Figure 9. Rut Depth versus Unconfined Flow Time (1)
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ALF: Confined Static Creep Test - Flow Time @
130 °F (54.4 °C)
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Figure 10. Rut Depth versus Confined Flow Time (1)

Flow Time (Fr) versus Flow Number (Fyn) and Dynamic Modulus (E*)

The flow time and flow number, obtained from a repeated permanent deformation load
test, showed a better correlation to the rutting behavior of the mixture than the dynamic
modulus (5). The flow time showed the best correlation to the mixture permanent
deformation in confined conditions. The static creep test for determining the flow time
requires simple equipment with static load capability and is inexpensive to operate.
However, the test does not simulate the field dynamic loading behavior.

The flow number also showed a good relation to mixture rutting behavior, and
the test loading conditions simulate the field dynamic phenomenon. However, the test is
more complicated to implement, especially for confining conditions that may be
required.

A correlation analysis between the flow time and flow number showed that two
parameters are well correlated, and the relationship was Fy = 1.565*F with an R? of
0.81 (3).
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Summary

The static creep test, using either one cycle load/unload or simple loading,
provides significant parameters, including flow time, flow time slope, compliance. The
test can be implemented in unconfined and confined conditions. Overall, the flow time
showed the best correlation to the rut depth in the field over the other test parameters.
The goodness-of-fit statistics of the flow time were rated good to excellent for both
unconfined and confined conditions. The higher the flow time values, the better the
mixture performance.
The flow time and flow number showed a better correlation to rut depth than the
dynamic modulus. The flow time also well correlated to the flow number.
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APPENDIX B HMA MIXTURE PROPERTIES
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP238C-02 Date: 06/03/2002
Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 3/4" 172" HDS Screenings
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 67 100 100 100 93
9.5-3/8" 38 80 100 100 80
4.75 - #4 6 13 97 100 51
2.36 - #8 4 2 78 74 37
1.18 - #16 4 2 50 51 25
0.6 - #30 3 2 28 35 16
0.3-#50 3 2 14 23 10
0.15 - #100 3 2 16 6
0.075 - #200 1.5 1.6 3 13 4.2
Cold Feed % 21 33 26 20

Mix Design Summary

Asphalt Content %: 5.8 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.403 VMA: 14.9
Asphalt Binder: PG 70-22 VMA Correction Factor: -2.7
Mixing Temperature: 335F Gsh: 2.532
Compaction Temperature: 300F Gse: 2.624
Gh: 1.016
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP238C-02 Date: 06/03/2002
Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 3/4" 1/2" HDS Screenings
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 68 100 100 100 90
9.5-3/8" 38 80 100 100 75
4.75 - #4 6 13 97 93 43
2.36 - #8 4 2 78 63 30
1.18 - #16 4 2 51 38 19
0.6 - #30 3 2 28 24 12
0.3-#50 3 2 12 15 7
0.15 - #100 3 2 4 12 5
0.075 - #200 1.7 1.9 1.8 11.8 4.0
Cold Feed % 32 28 18 22

Mix Design Summary

Asphalt Content %: 6.2 Air Voids (Va): 4
Max. Theor. Sp. Gr. (Gmm): 2.369 VMA: 14.9
Asphalt Binder: PG 76-22 VMA Correction Factor: -2.9
Mixing Temperature: 340F Gsh: 2.51
Compaction Temperature: 300F Gse: 2.595
Gb: 1.023

328



Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP072A-99

Plant Name: McClinton Anchor

Date: 10/05/1999

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 94
19.0 - 3/4" 50.1 100 100 100 85
12.5-1/2" 12.3 100 100 100 74
9.5-3/8" 7.6 80 100 100 64
4.75-#4 2.1 12.9 97.3 99.9 34
2.36 - #8 2 2.2 7.7 71.9 22
1.18 - #16 19 2 50.5 475 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3-#50 15 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 5
0.075 - #200 1.2 1.6 1.8 10.6 3.6
Cold Feed % 30 42 5 23
Mix Design Summary
Asphalt Content %: 5.0 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.430 VMA: 13.3
Asphalt Binder: PG 70-22 Gsb: 2.540
Mixing Temperature: 340F Gse: 2.622
Compaction Temperature: 300F Gb: 1.016
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: SP075-98

Plant Name: McClinton Anchor

Date: 05/11/1998

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 94
19.0 - 3/4" 50.1 100 100 100 85
12.5-1/2" 12.3 100 100 100 74
9.5-3/8" 7.6 80 100 100 63
4.75-#4 2.1 12.9 97.3 99.9 32
2.36 - #8 2 2.2 7.7 71.9 21
1.18 - #16 1.9 2 50.5 475 14
0.6 - #30 1.7 1.9 28.3 31.8 9
0.3-#50 15 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.3
Cold Feed % 30 44 6 20
Mix Design Summary
Asphalt Content %: 5.3 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.404 VMA: 139
Asphalt Binder: PG 76-22 Gsb: 2.538
Mixing Temperature: 340F Gse: 2.600
Compaction Temperature: 300F Gb: 1.023
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP030C-01

Plant Name: McClinton Anchor

Date: 02/01/2001

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Humbel West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
250-1" 79 100 100 100 89
19.0 - 3/4" 50.1 100 100 100 74
12.5-1/2" 12.3 100 100 100 54
9.5 -3/8" 7.6 80 100 100 48
475 - #4 2.1 12.9 97.3 99.9 31
2.36 - #8 2 2.2 7.7 71.9 22
1.18 - #16 1.9 2 50.5 47.5 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3-#50 1.5 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.1
Cold Feed % 52 20 9 19 100
Mix Design Summary
Asphalt Content %: 4.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.457 VMA: 12
Asphalt Binder: PG 70-22 Gsh: 2.547
Mixing Temperature: 340F Gse: 2.624
Compaction Temperature: 300F Gb: 1.016
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Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: SP074-98 Date: 1998

Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Humbel West Fork
Sieve Size 1-1/2" 172" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 89
19.0 - 3/4" 50.1 100 100 100 73
12.5-1/2" 12.3 100 100 100 53
9.5-3/8" 7.6 80 100 100 47
4.75 - #4 2.1 12.9 97.3 99.9 31
2.36 - #8 2 2.2 77.7 719 22
1.18 - #16 1.9 2 50.5 47.5 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3 - #50 1.5 1.8 11.5 21.1
0.15 - #100 1.4 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.1
Cold Feed % 54 18 9 19 100

Mix Design Summary

Asphalt Content %: 4.2 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.442 VMA: 1138
Asphalt Binder: PG 76-22 Gsb: 2.548
Mixing Temperature: 340F Gse: 2.600
Compaction Temperature: 300F Gb: 1.023
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP248C-02 Date: 07/02/2002
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ AR Lime Job Mix
Granite Granite Granite Batesville
Sieve Size 3/4" 172" Ind. Sand Bag House
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 78 100 100 100 92
9.5-3/8" 62 88 100 100 80
4.75 - #4 38 58 84 100 56
2.36 - #8 23 38 53 100 36
1.18 - #16 15 26 34 100 24
0.6 - #30 10 18 22 100 17
0.3-#50 6 12 12 100 11
0.15 - #100 4 8 6 95 7
0.075 - #200 2.3 4.7 3 78 4.2
Cold Feed % 38 43 18 1 100

Mix Design Summary

Asphalt Content %: 5.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.436 VMA: 15.1
Asphalt Binder: PG 70-22 Gsh: 2.601
Mixing Temperature: 330F Gse: 2.638
Compaction Temperature: 300F Gb: 1.028
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP097-99

Plant Name: Cranford

Date: 05/06/1999

Location: Sweet Home

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ AR Lime | Job Mix
Granite Granite Granite Batesville
Sieve Size 3/4" 172" Ind. Sand Bag House
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 85.7 100 100 100 95
9.5-3/8" 71 92.5 100 100 86
4.75 - #4 45.1 64.1 89.7 100 62
2.36 - #8 29.9 42.1 60.7 100 41
1.18 - #16 18.8 27.3 38.7 100 27
0.6 - #30 12.4 18.3 24.4 100 18
0.3-#50 7.3 11.4 13.8 100 11
0.15 - #100 4.8 6.8 7.4 95.2 7
0.075 - #200 2.6 3.8 2.9 78.1 3.9
Cold Feed % 48 42 9 1 100
Mix Design Summary
Asphalt Content %: 5.6 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.420 VMA: 159
Asphalt Binder: PG 76-22 Gsh: 2.602
Mixing Temperature: 340F Gse: 2.631
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: HM304-03

Plant Name: Cranford

Date: 08/14/2003

Location: North Little Rock

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size 11/2" 3/4" 172" Donna Fill
37.5-1-1/2" 100 100 100 100 100
25.0-1" 96 100 100 100 98
19.0 - 3/4" 73 100 100 100 86
125-1/2" 40 86 100 100 64
9.5-3/8" 26 71 88 100 51
4.75 - #4 6 45 58 100 29
2.36 - #8 3 30 38 100 21
1.18 - #16 2 19 26 99 16
0.6 - #30 2 12 18 90 13
0.3 - #50 1 12 81 9
0.15-#100 1 5 8 43 6
0.075 - #200 0.7 2.6 4.7 22 3.1
Cold Feed % 53 32 8 7 100
Mix Design Summary
Asphalt Content %: 4.4 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.472 VMA: 134
Asphalt Binder: PG 70-22 Gsb: 2.602
Mixing Temperature: 340F Gse: 2.641
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: HM304-03

Plant Name: Cranford

Date: 08/14/2003

Location: North Little Rock

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size 11/4" 3/4" Ind. Sand Donna Fill
37.5-1-1/2" 100 100 100 100 100
25.0-1" 975 100 100 100 99
19.0 - 3/4" 68.2 100 100 100 87
12.5-1/2" 28.2 65.2 100 100 60
9.5-3/8" 20 30.6 100 100 46
4.75 - #4 3.3 2.4 89.7 100 28
2.36 - #8 2 0.8 60.7 99.9 21
1.18 - #16 2 0.5 36.7 99.4 16
0.6 - #30 2 0.5 24.4 90.1 13
0.3-#50 1 0.3 13.8 65 8
0.15 - #100 1 0.3 7.4 43 5
0.075 - #200 1 0.2 2.9 26.9 3.2
Cold Feed % 40 32 20 8 100

Mix Design Summary

Compaction Temperature:

Asphalt Content %: 4.5

Max. Theor. Sp. Gr. (Gmm):
Asphalt Binder:

Mixing Temperature:

2.458
PG 76-22
340F
300F

Air Voids (Va): 4.0

VMA:

13.8

Gsb: 2.613

Gse: 2.629
Gb: 1.033
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP313C-02 Date: 08/29/2002
Plant Name: Cranford Location: Little Rock
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size ASTM #4 3/4" Ind. Sand Donna Fill
50.0-2" 100 100 100 100 100
37.5-1-1/2" 93 100 100 100 98
25.0-1" 41 100 100 100 81
19.0 - 3/4" 12 100 100 100 71
12.5-1/2" 6 85 100 100 64
9.5-3/8" 2 75 100 100 59
475 - #4 1 49 86 100 46
2.36 - #8 0 31 57 100 33
1.18 - #16 0 21 37 100 24
0.6 - #30 0 12 22 93 17
0.3-#50 0 7 12 63 10
0.15 - #100 0 5 5 40 6
0.075 - #200 0 2.9 3.1 25.9 3.8
Cold Feed % 33 35 24 8 100

Mix Design Summary

Asphalt Content %: 3.7 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.487 VMA: 124
Asphalt Binder: PG 70-22 Gsh: 2.604
Mixing Temperature: 330F Gse: 2.630
Compaction Temperature: 300F Gbh: 1.031
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Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: HM021-03 Date: 01/31/2003
Plant Name: Cranford Location: Little Rock
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size ASTM #4 3/4" Ind. Sand Donna Fill
50.0- 2" 100 100 100 100 100
37.5-1-1/2" 93 100 100 100 98
25.0-1" 41 100 100 100 81
19.0 - 3/4" 12 100 100 100 71
12.5-1/2" 6 85 100 100 64
9.5-3/8" 2 75 100 100 59
475 - #4 1 49 86 100 46
2.36 - #8 0 31 57 100 33
1.18 - #16 0 21 37 100 24
0.6 - #30 0 12 22 93 17
0.3-#50 0 7 12 63 10
0.15 - #100 0 5 5 40 6
0.075 - #200 0 2.9 3.1 25.9 3.8
Cold Feed % 33 35 24 8 100

Mix Design Summary

Asphalt Content %: 3.6 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.486 VMA: 116
Asphalt Binder: PG 76-22 Gsh: 2.604
Mixing Temperature: 330F Gse: 2.625
Compaction Temperature: 300F Gbh: 1.031
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP099C-99 Date: 03/27/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix

Preston | Preston | Arkhola | Preston Preston | Preston

Sieve Size | 3/4"-#4 | 1/2"-Chp |3/8"-Grv | 1/4"-Scr | 1/4"-Wsh | BHFines
25.0-1" 100 100 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100 100 100
12.5-1/2" 64.5 100 100 100 100 100 93
9.5-3/8" 37.1 88.3 100 100 100 100 85
4.75 - #4 35 36.1 62.1 90.2 89.9 100 55
2.36 - #8 2.7 6.5 19.9 63.9 60.1 100 29
1.18 - #16 2.4 4.1 10.3 48.2 41.1 100 20
0.6 - #30 2.3 3.7 6.8 40.4 37.1 100 17
0.3-#50 2.3 3.6 5 35.2 25.6 99.9 14
0.15 - #100 2.1 3.2 3.7 25.1 15.2 99.6 10
0.075 - #200 1.1 2.1 2.2 14.7 7.2 97.1 5.7
Cold Feed % 20 20 24 14 21 1 100

Mix Design Summary

Asphalt Content %: 6.5 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.358 VMA: 154
Asphalt Binder: PG 70-22 Gsh: 2.486
Mixing Temperature: 340F Gse: 2.594
Compaction Temperature: 300F Gb: 1.021
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP170C-00 Date: 07/10/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix

Preston | Preston | Arkhola | Preston Preston | Preston

Sieve Size | 3/4"-#4 | 1/2"-Chp |3/8"-Grv | 1/4"-Scr | 1/4"-Wsh | BHFines
25.0-1" 100 100 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100 100 100
12.5-1/2" 72.3 100 100 100 100 100 94
9.5-3/8" 41.3 88.3 100 100 100 100 86
4.75 - #4 2.7 36.1 62.1 90.2 89.9 100 55
2.36 - #8 1.7 6.5 19.9 63.9 60.1 100 29
1.18 - #16 1.6 4.1 10.3 48.2 41.1 100 20
0.6 - #30 15 3.7 6.8 40.4 31.7 100 16
0.3-#50 15 3.6 5 35.2 25.6 99.9 14

0.15 - #100 1.3 3.2 3.7 25.1 15.2 99.6 9

0.075 - #200 0.9 2.1 2.2 14.7 7.2 97.1 5.7
Cold Feed % 24 22 16 15 22 1 100

Mix Design Summary

Asphalt Content %: 6.0 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.368 VMA: 145
Asphalt Binder: PG 76-22 Gsh: 2.496
Mixing Temperature: 340F Gse: 2.581
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP257C-02

Plant Name: Arkhola

Date: 07/09/2002

Location: Van Buren

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK ARK Job
Preston | Preston | Preston | Arkhola | Preston | Preston | Preston | Mix
Sieve Size | 1-1/4" 3/4"  1/2"-Chp3/8"-Grv | 1/4"-Scr |1/4"-Wsh|BHFines
37.5-1-1/2" 100 100 100 100 100 100 100 100
25.0-1" 76.3 100 100 100 100 100 100 94
19.0 - 3/4" 25.8 100 100 100 100 100 100 82
125-1/2" 2.7 64.5 100 100 100 100 100 67
9.5-3/8" 2 37.1 88.3 100 100 100 100 59
4.75-#4 1.8 3.5 36.1 62.1 90.2 92 100 39
2.36 - #8 1.8 2.7 6.5 19.9 63.9 61 100 22
1.18 - #16 1.7 2.4 4.1 10.3 48.2 42 100 16
0.6 - #30 1.7 2.3 3.7 6.8 40.4 33 100 13
0.3 - #50 1.7 2.3 3.6 5 35.2 27 99.9 11
0.15-#100 1.6 2.1 3.2 3.7 25.1 16 99.6 8
0.075-#200| 0.8 1.1 2.1 2.2 14.7 7.4 96.4 4.7
Cold Feed % 25 23 10 13 10 18 1
Mix Design Summary
Asphalt Content %: 5.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.398 VMA: 131
Asphalt Binder: PG 70-22 Gsh: 2.492
Mixing Temperature: 335F Gse: 2.594
Compaction Temperature: 300F Gb: 1.021
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: SP181C-00

Plant Name: Arkhola

Date: 07/25/2000

Location: Van Buren

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK ARK Job
Preston | Preston | Preston | Arkhola | Preston | Preston | Preston | Mix
Sieve Size | 1-1/4" 3/4"  |1/2"-Chp3/8"-Grv | 1/4"-Scr |1/4"-Wsh|BHFines
37.5-1-1/2" 100 100 100 100 100 100 100 100
25.0-1" 76.3 100 100 100 100 100 100 93
19.0 - 3/4" 25.8 100 100 100 100 100 100 79
125-1/2" 2.7 72.3 100 100 100 100 100 66
9.5-3/8" 2 41.3 86 100 100 100 100 58
4.75-#4 1.8 2.7 31.8 54.1 89.1 89.6 100 36
2.36 - #8 1.8 1.7 4.7 14.7 64 60.1 100 21
1.18 - #16 1.7 1.6 3.3 5.8 48.6 40.6 100 15
0.6 - #30 1.7 15 3 3.2 41.2 31.8 100 12
0.3 - #50 1.7 15 2.9 18 35.9 25.5 99.9 10
0.15-#100 1.6 1.3 2.5 1.2 25 14.9 99.6 7
0.075-#200| 0.8 0.9 1.6 0.7 14.3 7 96.4 4.3
Cold Feed % 28 23 10 10 10 18 1 100
Mix Design Summary
Asphalt Content %: 4.9 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.401 VMA: 127
Asphalt Binder: PG 76-22 Gsb: 2.505
Mixing Temperature: 340F Gse: 2.577
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP268C-02 Date: 06/28/2002
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK Job Mix
Preston | Preston | Preston | Preston Preston | Preston
Sieve Size 1-1/2" 3/4" 1/2"-Chp | 1/4"-Scr | 1/4"-Wsh | BHFines
37.5-1-1/2" 100 100 100 100 100 100 100
250-1" 52 100 100 100 100 100 82
19.0 - 3/4" 18 100 100 100 100 100 70
12.5-1/2" 2 73 100 100 100 100 56
9.5-3/8" 2 44 85 100 100 100 46
4.75 - #4 1 4 32 92 89 100 26
2.36 - #8 1 3 6 66 57 100 16
1.18 - #16 1 2 4 50 37 100 12
0.6 - #30 1 2 4 43 28 100 11
0.3 -#50 1 2 3 37 22 99.9 9
0.15-#100 1 2 3 26 13 99.6 7
0.075 - #200 0.8 13 1.8 14.5 6.6 97.4 5.0
Cold Feed % 37 28 13 10 10 2 100
Mix Design Summary
Asphalt Content %: 4.6 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.413 VMA: 124
Asphalt Binder: PG 70-22 Gsh: 2512
Mixing Temperature: 335F Gse: 2.578
Compaction Temperature: 300F Gb: 1.038
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Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: SP182C-00 Date: 07/25/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix
Preston | Preston | Preston | Preston Preston | Preston
Sieve Size 1-1/2" 3/4" 1/2"-Chp | 1/4"-Scr | 1/4"-Wsh | BHFines
37.5-1-1/2" 100 100 100 100 100 100 100
25.0-1" 66.9 100 100 100 100 100 88
19.0 - 3/4" 25.3 100 100 100 100 100 72
12.5-1/2" 2.2 72.3 100 100 100 100 56
9.5-3/8" 1.8 41.3 86 100 100 100 46
4.75 - #4 1.6 2.7 31.8 89.1 89.6 100 26
2.36 - #8 1.6 1.7 4.7 64 60.1 100 16
1.18 - #16 1.6 1.6 3.3 48.6 40.6 100 12
0.6 - #30 1.6 15 3 41.2 31.8 100 10
0.3-#50 15 15 2.9 35.9 25.5 99.9 9
0.15 - #100 1.4 1.3 2.5 25 14.9 99.6 7
0.075 - #200 1.2 0.9 1.6 14.3 7 97.1 4.3
Cold Feed % 37 28 12 12 10 1 100

Mix Design Summary

Asphalt Content %: 4.5 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.418 VMA: 117
Asphalt Binder: PG 76-22 Gsb: 2.507
Mixing Temperature: 340F Gse: 2.581
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP174C-01 Date: 06/06/2000
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

JET JET JET JET Job Mix
Gravel Gravel Gravel 3M Corp
Sieve Size C D Screenings | Donna Fill
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 35.7 100 100 100 94
9.5-3/8" 9.2 92 100 100 86
4.75 - #4 1.6 39 98.3 100 56
2.36 - #8 1 12 71.2 99.9 34
1.18 - #16 0.7 5 42.8 95.6 23
0.6 - #30 0.4 2 25.1 90.1 17
0.3-#50 0.4 1 11 65 10
0.15 - #100 0.3 0.2 3.7 43 6
0.075 - #200 0.3 0.2 1.7 26.9 35
Cold Feed % 10 56 23 11 100

Mix Design Summary

Asphalt Content %: 5.5 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.407 VMA: 14.9
Asphalt Binder: PG 70-22 Gsh: 2.558
Mixing Temperature: 320F Gse: 2.609
Compaction Temperature: 295F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP101C-02 Date: 04/01/2002
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

JET JET JET JET JET Job Mix
Gravel Gravel Gravel Gravel 3M Corp
Sieve Size A C D Screenings | Donna Fill
37.5-1-1/2" 100 100 100 100 100 100
25.0-1" 92 100 100 100 100 97
19.0 - 3/4" 73.9 97.9 100 100 100 90
12.5-1/2" 27.1 385 99.4 100 100 66
9.5-3/8" 12.6 11.3 88.1 99.8 100 54
4.75 - #4 4.8 4.2 40.3 97.5 100 37
2.36 - #8 1.8 2.2 14.3 74.7 100 24
1.18 - #16 1.3 1.6 6 46.3 99.9 17
0.6 - #30 1.1 1.3 3.3 28.1 93.5 13
0.3-#50 1 1.2 2.1 13.5 63.2 8
0.15 - #100 0.9 1.1 1.5 5.5 40.2 5
0.075 - #200 0.8 1 1.3 3.3 26.9 3.2
Cold Feed % 38 10 29 16 7

Mix Design Summary

Asphalt Content %: 4.6 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.436 VMA: 13.0
Asphalt Binder: PG 70-22 Gsb: 2.565
Mixing Temperature: 325F Gse: 2.608
Compaction Temperature: 295F Gb: 1.028

346



Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP102C-02

Plant Name: Jet Asphalt

Date: 04/01/2002

Location: El Dorado

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ JET JET JET JET Job Mix
Granite Gravel Gravel Gravel 3M Corp
Sieve Size | ASTM #4 Cc D Screenings | Donna Fill

50.0 -2 100 100 100 100 100 100
37.5-1-1/2" 95 100 100 100 100 98
25.0-1" 35 100 100 100 100 77
19.0 - 3/4" 11 97.9 100 100 100 69
12.5-1/2" 2 38.5 99.4 100 100 56
9.5-3/8" 15 11.3 88.1 99.8 100 48
4.75 - #4 1.2 4.2 40.3 97.5 100 31
2.36 - #8 1 2.2 14.3 74.7 100 20
1.18 - #16 0.9 1.6 6.0 46.3 99.9 14
0.6 - #30 0.9 1.3 3.3 28.1 93.5 11

0.3-#50 0.9 1.2 2.1 135 63.2 7

0.15-#100 0.8 1.1 1.5 55 40.2 4
0.075 - #200 0.7 1.0 1.3 3.3 26.9 3.0
Cold Feed % 35 15 33 10 7 100

Mix Design Summary
Asphalt Content %: 4.2 Air Voids (Va): 4.5

Max. Theor. Sp. Gr. (Gmm): 2.461 VMA: 12.6
Asphalt Binder: PG 70-22 Gsh: 2.585
Mixing Temperature: 325F Gse: 2.621
Compaction Temperature: 295F Gb: 1.028
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APPENDIX C INTERNAL GYRATION ANGLE (DAV WITH MIX)
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
PINE | MCA | 125 | 70-22 1 117 116 1.194 | 1.150
125X 2 118 117 1.199 | 1.146
3 118 118 1.196 | 1.156
Ave. 1.196 | 1.151 | 1.174
Sdev 0.003 | 0.005 | 0.003
76-22 1 118 119 1197 | 1.141
2 119 119 1.201 | 1.143
3 118 118 1.200 | 1.153
Ave. 1.199 | 1.146 | 1.173
Sdev 0.002 | 0.006 | 0.003
25 70-22 1 119 119 1.194 | 1.156
2 120 121 1.195 | 1.159
3 120 120 1192 | 1.165
Ave. 1.194 | 1.160 | 1.177
Sdev 0.002 | 0.005 | 0.002
76-22 1 121 120 1184 | 1.134
2 121 120 1.182 | 1.140
3 121 120 1.187 | 1.146
Ave. 1.184 | 1.140 | 1.162
Sdev 0.003 | 0.006 | 0.003
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
PINE | ARK | 12.5| 70-22 1 119 120 1192 | 1.167
125X 2 119 120 1.201 | 1.168
3 120 120 1.201 | 1.173
Ave. 1198 | 1.169 | 1.184
Sdev 0.005 | 0.003 | 0.003
76-22 1 120 121 1190 | 1.161
2 120 120 1194 | 1.161
3 121 121 1.197 | 1.160
Ave. 1194 | 1.161 | 1.177
Sdev 0.004 | 0.001 | 0.002
25 70-22 1 120 119 1.190 | 1.151
2 121 120 1.191 | 1.158
3 119 119 1.194 | 1.156
Ave. 1.192 | 1.155 | 1.173
Sdev 0.002 | 0.004 | 0.002
76-22 1 121 122 1171 | 1.157
2 121 120 1.183 | 1.147
3 121 121 1.186 | 1.156
Ave. 1.180 | 1.153 | 1.167
Sdev 0.008 | 0.006 | 0.005
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Internal Angles (DAV with Mix)

SGC | Agg. | Size| Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | MCA | 12.5| 70-22 1 37 37 1.278 | 1.279
4141 2 37 37 1.273 | 1.286
3 37 37 1.278 | 1.283
Ave. 37 37 1.276 | 1.283
Sdev 0.003 | 0.004

1 68 67 1.188 | 1.190
2 69 67 1.196 | 1.193
3 68 67 1.198 | 1.197

Ave. 68 67 1.194 | 1.193
Sdev 0.005 | 0.004
Ave. | 115 115 1.068 | 1.051 | 1.060
Sdev 0.014 | 0.011 | 0.009

76-22 1 39 38 1.247 | 1.296
2 39 39 1.246 | 1.299
3 39 38 1.254 | 1.303
Ave. 39 38 1.249 | 1.299
Sdev 0.004 | 0.004
1 69 68 1.181 | 1.198
2 69 68 1.181 | 1.205
3 69 69 1.189 | 1.206

Ave. 69 68 1.184 | 1.203
Sdev 0.005 | 0.004
Ave. | 115 115 1.085 | 1.053 | 1.069
Sdev 0.013 | 0.012 | 0.009
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Internal Angles (DAV with Mix)

SGC | Agg. |Size| Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | MCA | 25 | 70-22 1 40 39 1.257 | 1.296
4141 2 39 39 1.247 | 1.307

3 39 39 1.252 | 1.303
Ave. 39 39 1.252 | 1.302

Sdev 0.005 | 0.006
1 71 71 1.183 | 1.199
2 71 71 1.178 | 1.212
3 70 70 1.178 | 1.213
Ave. 70 71 1.180 | 1.208
Sdev 0.003 | 0.008
Ave. | 115 115 1.075 | 1.074 | 1.074
Sdev 0.010 | 0.021 | 0.011
76-22 1 40 41 1.248 | 1.273

2 40 40 1.246 | 1.288
3 40 39 1.246 | 1.299

Ave. 40 40 1.247 | 1.287
Sdev 0.001 | 0.013
1 70 69 1.181 | 1.203
2 70 69 1.191 | 1.201
3 70 70 1.183 | 1.212
Ave. 70 69 1.185 | 1.205
Sdev 0.005 | 0.006
Ave. | 115 115 1.092 | 1.079 | 1.086
Sdev 0.013 | 0.025 | 0.014
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | ARK | 125| 70-22 1 37 38 1.264 | 1.292
4141 2 38 38 1.285 | 1.272

3 38 38 1.256 | 1.303
Ave. 38 38 1.268 | 1.289

Sdev 0.015 | 0.016
1 68 68 1.171 | 1.198
2 69 70 1.171 | 1.204
3 69 68 1.181 | 1.205
Ave. 69 68 1.174 | 1.202
Sdev 0.006 | 0.004
Ave. | 115 115 1.033 | 1.071 | 1.052
Sdev 0.027 | 0.026 | 0.019

76-22 1 39 38 1.268 | 1.290
2 39 39 1.278 | 1.285
3 38 38 1.269 | 1.297

Ave. 39 39 1.272 | 1.291
Sdev 0.006 | 0.006
1 69 69 1.169 | 1.188
2 69 68 1.163 | 1.195
3 69 70 1.166 | 1.196
Ave. 69 69 1.166 | 1.193
Sdev 0.003 | 0.004
Ave. | 115 115 1.007 | 1.046 | 1.027
Sdev 0.011 | 0.014 | 0.009
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | ARK | 25 | 70-22 1 38 38 1.245 | 1.288
4141 2 39 39 1.244 | 1.300
3 39 38 1.254 | 1.294
Ave. 39 38 1.248 | 1.294
Sdev 0.006 | 0.006
1 68 67 1.168 | 1.191
2 69 68 1.184 | 1.190
3 70 69 1.178 | 1.197
Ave. 69 68 1.177 | 1.193
Sdev 0.008 | 0.004
Ave. | 115 115 1.068 | 1.034 | 1.051
Sdev 0.022 | 0.014 | 0.013
76-22 1 41 39 1.250 | 1.295

2 39 39 1.247 | 1.298
3 39 39 1.249 | 1.303

Ave. 40 39 1.249 | 1.299
Sdev 0.002 | 0.004
1 70 69 1.170 | 1.191
2 69 70 1.166 | 1.196
3 71 71 1.177 | 1.195
Ave. 70 70 1171 | 1.194
Sdev 0.006 | 0.003
Ave. | 115 115 1.054 | 1.043 | 1.049
Sdev 0.014 | 0.009 | 0.008

Note: DAV = 71.78 mm, DAV Plate = 9.56 mm
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APPENDIX D ECCENTRICITY TEST RESULTS (PDA WITH MIX)
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Eccentricity (PDA with Mix)

SGC | Agg. | Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE | MCA |125|70-22 | 1 |10587|11095 28.54 | 27.40
125X 2 11072511004 29.15 | 28.08
3 11041310564 30.55 | 29.44
Ave. | 10575 | 10888 | 10731 | 29.41 | 28.31 | 28.86 | 310
Sdev| 156 | 284 | 162 [1.031]1.039 |0.732
76-22 | 1 10436 |10969 30.01 | 28.90
2 |10511 10572 30.16 | 29.04
3 [10320 | 10537 31.2330.18
Ave. | 10422 | 10692 | 10557 | 30.47 | 29.37 | 29.92 | 316
Sdev | 96 240 | 129 |0.665|0.702 | 0.484
25 |70-22| 1 ]10084 11536 28.87 | 27.74
2 10547111048 29.30 | 28.24
3 | 9822 | 10647 30.81 | 29.68
Ave. | 10151 | 1107710614 | 29.66 | 28.55 | 29.11 | 309
Sdev | 367 445 288 |1.019 ]1.007 | 0.716
76-22 | 1 |10778|11176 28.66 | 27.56
2 | 9915 | 10534 30.13 | 29.05
3 110284 | 10723 30.57 | 29.47
Ave. | 10326 | 10811 | 10568 | 29.79 | 28.69 | 29.24 | 309
Sdev| 433 | 330 | 272 [1.000 ] 1.004 |0.708
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Eccentricity (PDA with Mix)

SGC | Agg. | Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE | ARK | 125|70-22| 1 |10725)|11163 29.00 | 27.95
125X 2 | 9844 | 10698 30.15 | 29.07
3 9679 | 10415 31.28 | 30.15
Ave. | 10083 | 10759 | 10421 | 30.14 | 29.06 | 29.60 | 308
Sdev | 562 | 378 | 339 |1.140|1.100|0.792
76-22 | 1 |10547 11018 29.76 | 28.68
2 10191 | 10270 30.68 | 29.60
3 10253 | 10360 30.80 | 29.73
Ave. | 10330 | 10549 | 10440 | 30.41 | 29.34 | 29.88 | 312
Sdev | 190 | 408 | 225 |0.569|0.572 | 0.404
25 | 70-22 | 1 |10484|11174 29.44 | 28.37
2 11024911111 29.76 | 28.71
3 [10017 |10930 29.87 | 28.82
Ave. | 10250 | 11072 | 10661 | 29.69 | 28.63 | 29.16 | 311
Sdev | 234 127 133 ]0.223]0.235 | 0.162
76-22 | 1 |10938 11633 27.89 | 26.82
2 10089 | 10401 30.06 | 28.94
3 10422 | 10344 31.61 | 30.55
Ave. | 10483 | 10793 | 10638 | 29.85 | 28.77 | 29.31 | 312
Sdev | 428 | 729 | 422 |1.869|1.871]1.322
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Eccentricity (PDA with Mix)

SGC | Agg. |Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX |[MCA|125|70-22| 1 |10694 11343 26.93 | 25.74
4141 2 10203 | 9719 29.99 | 28.76
3 | 9433 | 10004 30.32 | 29.09
Ave. | 10110 | 10355 | 10233 | 29.08 | 27.86 | 28.47 | 291
Sdev| 636 | 867 | 538 |1.869|1.846|1.314
76-22| 1 |10657 | 11512 27.40 ] 26.21
2 | 9838 | 10569 28.46 | 27.23
3 | 9661 | 9928 31.57 | 30.40
Ave. | 10052 | 10670 | 10361 | 29.14 | 27.95 | 28.55 | 296
Sdev| 531 797 479 |2.167|2.185|1.539
25 |70-22| 1 |10821|10938 26.80 | 25.63
2 1123411169 27.06 | 25.84
3 [10478 | 10885 27.20 | 25.96
Ave. | 10844 | 10997 | 10921 | 27.02 | 25.81 | 26.42 | 288
Sdev| 379 151 204 |0.203 ] 0.167 | 0.131
76-22| 1 | 9778 | 10066 30.68 | 29.47
2 | 9522 [10178 30.77 | 29.58
3 | 9704 | 10142 31.12 1 29.90
Ave. | 9668 | 10129 | 9898 | 30.86 | 29.65 | 30.25 | 299
Sdev| 132 57 72 10.232]0.223 | 0.161
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Eccentricity (PDA with Mix)

SGC | Agg. |Size| Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX |[ARK |125|70-22| 1 |11317]11450 25.36 | 24.17
4141 2 1152811352 25.85 | 24.60
3 110856 | 10978 26.99 | 25.75
Ave. | 11234111260 | 11247 | 26.07 | 24.84 | 25.45 | 286
Sdev| 344 | 249 | 212 |0.836|0.817|0.585
76-22| 1 | 9583 | 10427 29.53 | 28.32
2 | 9144 | 10671 30.84 | 29.65
3 | 9739 | 10182 31.4230.20
Ave. | 9489 |10427 | 9958 | 30.60 | 29.39 | 29.99 | 299
Sdev| 309 | 245 | 197 |0.968|0.967 | 0.684
25 |70-22| 1 |11321[11468 27.03 | 25.81
2 | 9589 | 10440 29.93 | 28.76
3 | 9643 [ 10378 31.63 | 30.44
Ave. | 10184 | 10762 | 10473 | 29.53 | 28.34 | 28.93 | 303
Sdev| 985 612 580 |2.326 | 2.344 | 1.651
76-22| 1 11004211054 28.28 | 27.13
2 | 9517 [ 11094 29.63 | 28.40
3 | 9552 | 10871 29.94 | 28.78
Ave. | 9704 | 11006 | 10355 | 29.28 | 28.10 | 28.69 | 297
Sdev| 294 | 119 | 158 |0.883|0.864 | 0.618
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APPENDIX E INTERNAL ANGLE TEST RESULTS (HMS AND RAM)
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
PINE | DAV 106 18 Deg 1 | 1150 | 1.175 1.146
125X 2 | 1150 | 1.169 1.157
3 | 1150 | 1175 1.159
Ave. 1.173 1.154 1.164
Sdev 0.003 0.007 0.004
21 Deg 1 | 1150 | 1.169 1.121
2 | 1150 | 1.168 1.134
3 | 1150 ] 1.170 1.136
Ave. 1.169 1.130 1.150
Sdev 0.001 0.008 0.004
24 Deg 1 115.0 1.138 1.090
2 115.0 1.152 1.107
3 | 1150 | 1.153 1.106
Ave. 1.148 1.101 1.124
Sdev 0.008 0.010 0.006
DAV 110 18 Deg 1 1150 ] 1.160 1.141
2 | 1150 | 1.169 1.144
3 | 1150 | 1.174 1.147
Ave. 1.168 1.144 1.156
Sdev 0.007 0.003 0.004
21 Deg 1 | 1150 | 1.145 1.126
2 115.0 1.159 1.130
3 115.0 1.163 1.128
Ave. 1.156 1.128 1.142
Sdev 0.009 0.002 0.005
24 Deg 1 | 1150 | 1.145 1.098
2 | 1150 | 1.147 1.110
3 | 1150 | 1151 1.109
Ave. 1.148 1.106 1.127
Sdev 0.003 0.007 0.004
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
PINE | RAM 29 44 mm 1 [1250 | 114 1.16
125X 2 | 1250 | 115 1.16
3 [1250 | 115 1.16
Ave. 1.147 1.160 1.153
Sdev 0.006 0.000 0.003
64 mm 1 125.0 1.06 1.12
2 | 1250 | 1.08 1.12
3 | 1250 | 1.07 1.13
Ave. 1.070 1.123 1.097
Sdev 0.010 0.006 0.006
RAM 12 44 mm 1 1250 | 112 1.16
2 | 1250 | 113 1.16
3 [1250 | 113 1.16
Ave. 1.127 1.160 1.143
Sdev 0.006 0.000 0.003
64 mm 1 125.0 1.06 1.13
2 125.0 1.07 1.13
3 |[1250 | 1.08 1.13
Ave. 1.070 1.130 1.100
Sdev 0.010 0.000 0.005
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep.| Ht Angle (Deg) DIA
(mm) | Top Bottom | (deg)
TROX | DAV 106 18 Deg 1 |115.0| 1.069 1.138
4141 2 | 1150 | 1.079 1.130
3 | 1150 | 1.062 1.168
Ave. 1.070 1.145 1.108
Sdev 0.009 0.020 0.011
21 Deg 1 |115.0| 1.046 1.121
2 | 1150 | 1.040 1.131
3 | 1150 | 1.040 1.134
Ave. 1.042 1.129 1.085
Sdev 0.003 0.007 0.004
24 Deg 1 115.0 | 0.992 1.112
2 115.0 | 0.987 1.119
3 |1150 | 1.007 1.120
Ave. 0.995 1.117 1.056
Sdev 0.010 0.004 0.006
DAV 110 18 Deg 1 |115.0| 1.083 1.173
2 |1150 | 1.080 1.182
3 |1150 | 1131 1.173
Ave. 1.098 1.176 1.137
Sdev 0.029 0.005 0.015
21 Deg 1 |115.0| 1.074 1.141
2 115.0 | 1.057 1.161
3 115.0 | 1.070 1.153
Ave. 1.067 1.152 1.109
Sdev 0.009 0.010 0.007
24 Deg 1 |115.0| 1.014 1.109
2 | 1150 1.023 1.116
3 | 1150 | 1.047 1.116
Ave. 1.028 1.114 1.071
Sdev 0.017 0.004 0.009
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
TROX | RAM 29 44 mm 1 |[1250| 114 1.11
4141 2 | 1250 117 1.14
3 | 1250 1.17 1.16
Ave. 1.160 1.137 1.148
Sdev 0.017 0.025 0.015
64 mm 1 125.0 1.15 0.99
2 | 1250 | 1.16 0.99
3 [ 1250 115 1.00
Ave. 1.153 0.993 1.073
Sdev 0.006 0.006 0.004
RAM 12 44 mm 1 ][125.0| 115 1.10
2 1250 1.16 1.10
3 1250 | 1.18 1.13
Ave. 1.163 1.110 1.137
Sdev 0.015 0.017 0.012
64 mm 1 125.0 1.12 1.00
2 125.0 1.14 1.01
3 125.0 1.12 1.05
Ave. 1.127 1.020 1.073
Sdev 0.012 0.026 0.014
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APPENDIX F ECCENTRICITY (PDA WITH HMS OR RAM)
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Eccentricities (PDA with HMS or RAM)

SGC| Device |Ang/Dia |Rep. Load (N) e (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE| DAV 110 | 18 Deg 1 [10565|10230 22.22 | 27.98
125X 2 1052910220 22.15 | 27.38
3 [1052010300 22.12 | 27.88
Ave.|10538|10250( 10394 | 22.16 | 27.75 | 24.96 | 259
Sdev| 24 44 25 |0.051 | 0.321 | 0.163
21Deg | 1 |10355|10146 23.97 | 31.02
2 |10667 /10156 24.09 | 29.25
3 |10511|10166 24.03 | 30.88
Ave.|10511|10156| 10334 | 24.03 | 30.38 | 27.21 | 281
Sdev| 156 | 10 78 | 0.060 | 0.984 | 0.493
24Deg | 1 |10627]10230 27.76 | 32.09
2 [1060510210 27.91 | 32.07
3 [11146/10090 27.90 | 32.01
Ave.|10793|10177|10485 | 27.86 | 32.06 | 29.96 | 314
Sdev| 307 76 158 | 0.084 | 0.042 | 0.047
RAM 29 | 44 mm 1 |10680|10458 22.95 | 22.08
2 |10680 10467 22.97 | 22.10
3 [11214/10985 23.00 | 22.10
Ave.| 1085810637 | 10747 | 22.97 | 22.09 | 22.53 | 242
Sdev| 308 | 302 | 216 | 0.025 | 0.012 | 0.014
64 mm 1 ]10533]|10258 32.08 | 31.97
2 [10538|10222 32.16 | 31.97
3 |11062]10752 32.20 | 31.90
Ave.|10711]10410] 10561 | 32.15 | 31.95 | 32.05 | 338
Sdev| 304 | 296 | 212 | 0.061 | 0.040 | 0.037
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Eccentricities (PDA with HMS or RAM)

SGC | Device |Ang/Dia|Rep. Load (N) e (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX|DAV 110| 18Deg | 1 |10529|10947 22.12 | 27.88
4141 2 |10538/10974 22.08 | 27.98
3 ]10315]10578 22.32 | 27.95
Ave.|10461]10833| 10647 | 22.17 | 27.94 | 25.06 | 267
Sdev| 126 | 221 | 127 | 0.129 | 0.051 | 0.069
21 Deg | 1 ]10529|10947 23.64 | 30.98
2 |10538|10974 23.81 | 30.55
3 [11060(11508 23.70 | 30.67
Ave.|10709]11143| 10926 | 23.72 | 30.73 | 27.23 | 297
Sdev| 304 | 317 | 220 | 0.086 | 0.222 | 0.119
24Deg | 1 |10378)/10689 27.57 | 32.09
2 ]10315]10578 27.15 | 32.05
3 ]10864|11165 27.40 | 31.99
Ave.|10519|10811| 10665 | 27.37 | 32.04 | 29.71 | 317
Sdev| 300 | 312 | 216 |0.211 | 0.050 | 0.109
RAM?29 | 44mm | 1 |10885|10943 21.94 | 23.06
2 |10854(10863 21.97 | 23.08
3 ]11413]11448 22.00 | 23.00
Ave.|11050|11084| 11067 | 21.97 | 23.05 | 22.51 | 249
Sdev| 314 | 317 | 223 | 0.030 | 0.042 | 0.026
64mm | 1 ]10622|10524 31.62 | 32.13
2 (10542|10524 31.64 | 32.14
3 |11111]11051 31.70 | 32.10
Ave.|10759]10700| 10729 | 31.65 | 32.12 | 31.89 | 342
Sdev| 308 | 304 | 216 | 0.042 | 0.021 | 0.023
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